Abstract: Amaranthus palmeri S. Watson (Palmer amaranth) is a fast-growing, dioecious, highly competitive agricultural weed species, which is spreading across the US Midwest. Population sex ratios are an important consideration in the management of A. palmeri populations as this species has become resistant to several herbicide sites of action, and there is need to minimize seed production by female plants. Environmental conditions, particularly stressors, may influence sex ratios, and herbicides act as major stressors and evolutionary filters in agricultural fields. Amaranthus spp. have shown a tendency for rapid evolution of herbicide resistance, with the frequency of protoporphyrinogen oxidase (PPO)-inhibitor resistance increasing across the Midwestern US. A greenhouse experiment was conducted to investigate the effect of two PPO-inhibiting herbicide treatments of either lactofen or fomesafen on four different Illinois populations (Cahokia, Collinsville, Rend Lake, and Massac). Plants raised from seed from the Massac population were tallest, and both males and females from this population also had the highest vegetative biomass. Female plants from the Collinsville population had more reproductive biomass than male plants. Control populations were male-biased (Cahokia, Collinsville), female-biased (Masaac), and 1:1 (Rend Lake). Lactofen shifted the male-biased populations to female-biased or 1:1 and the female-biased population to 1:1. Fomesafen-treated populations were male-biased or 1:1. This study suggests that PPO-inhibiting herbicide treatments may influence the growth and sex ratio of A. palmeri populations, which is an underlying factor in the rate of herbicide evolution in this species. An understanding of the underlying mechanisms of how external factors influence sex ratios may eventually provide an opportunity to reduce seed production in populations by shifting sex ratios towards a male bias.
Introduction
In some flowering species, dioecy is a sexually dimorphic phenomenon [1] . In these species, male-to-female sex ratios are expected to be 1:1 because of parental investment due to the effect of deleterious incidence, and reliance on selection to maintain unbiased sex ratios [2] . Thus, the sex ratio of dioecious species should generally be close to unity when the male and female reproduction costs plants [32] . Better knowledge of dioecy in A. palmeri and the factors that could influence the sex ratio would have significant implications for managing herbicide-resistant biotypes of this species.
Few studies have related herbicides to sex ratios in plant populations. In the case of Cirsium arvense (L.) Scop. (Canada thistle), males had greater vegetative regrowth following applications of glyphosate, and these differences in vegetative reproduction might change the sex ratios in the field [33] . A greenhouse study of A. palmeri indicated no departure from a 1:1 ratio of males to females in glyphosate-resistant and glyphosate-susceptible populations [34] . However, a field study in 2015 and 2016 [35] showed that post-emergence (or foliar) application of the protoporphyrinogen oxidase (PPO)-inhibiting herbicide lactofen and pre-emergence (or soil) application of PPO-inhibiting herbicides saflufenacil, flumioxazin, and the combination of fluthiacet-methyl + pyroxasulfone (PPO-inhibiting + long chain fatty acid (LCFA)-inhibiting herbicide) altered the sex ratio of A. palmeri populations leading to a female bias. Additionally, pre-emergence applications of pendimethalin (a mitosis inhibitor) and non-treated controls expressed a female bias, while all other treatments did not deviate from a 1:1 male to female ratio [35] . Protoporphyrinogen oxidase (PPO)-inhibiting herbicides have the potential to manage glyphosate-and acetolacatate synthase (ALS)-inhibitor-resistant weed populations and have become foundational to effective weed control for many of the broadleaf weed species in large-scale agricultural crop production systems, but these herbicides have now begun to fail due to the evolution of resistance in A. tuberculatus and A. palmeri populations to soil and foliar applied PPO-inhibiting herbicides [36] [37] [38] [39] [40] [41] .
In order to investigate the role of PPO-inhibiting herbicides in manipulating sex ratios in A. palmeri populations, greenhouse research was conducted to investigate the male-to-female sex ratio of four different populations of A. palmeri after exposure to two post-emergence PPO-inhibiting herbicides, lactofen (2- 
ethoxy-1-methyl-2-oxoethyl 5-[2-chloro-4-(tri-fluoromethyl) phenoxy]-2-nitrobenzoate) and fomesafen (5-[2-chloro-4-(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide)
. Hypotheses tested were: 1) Application of PPO-inhibiting herbicides affects the male-to-female sex ratio, and (2) PPO-inhibiting herbicides differentially affect the growth characteristics of male and female plants.
Materials and Methods
The greenhouse experiment was conducted at the Horticultural Research Centre and the Tree Improvement Center of Southern Illinois University Carbondale (SIUC) and was initiated in March 2016. The experiment was arranged in a completely randomized block design with three replicates and the experimental unit was a group of 10 pots each containing a single plant. The experiment investigated sex ratios among four different A. palmeri seed sources treated with post-emergence applications of PPO-inhibiting herbicides.
PPO-inhibiting herbicide applications included two different PPO-inhibiting herbicides, fomesafen (Flexstar ® , Syngenta Crop Protection, Research Triangle Park, NC, USA) and lactofen (Cobra®, Valent USA Corporation, Walnut Creek, CA, USA), which are commonly used herbicides for Amaranthus spp. control in local soybean production. A prior field study [35] included two post-emergence PPO-inhibiting herbicides, i.e., lactofen and fomesafen and 13 pre-emergence applications, which included three PPO-inhibiting herbicides at various use rates, three LCFA-inhibiting herbicides, one mixture of PPO-+ LCFA-inhibiting herbicides, one mitosis-inhibiting herbicide, and one untreated control. The post-emergence PPO-inhibiting herbicide, lactofen, led to a departure from the expected 1:1 sex ratio, with female-biased populations and, therefore, was chosen for investigation in this experiment. The post-emergence application of the PPO-inhibiting herbicide, fomesafen, did not lead to a departure of the expected 1:1 sex ratio, and was included in the greenhouse study as a comparison. The field trial confirmed that A. palmeri was sensitive to both of these PPO-inhibiting herbicides in 2015, and resistance to PPO-inhibiting herbicides was not suspected in any of the populations used in this study; however, in 2016, the Collinsville population was documented as 18.8% heterozygous for the glycine 210 deletion which confers PPO-inhibitor-resistance to fomesafen and lactofen, indicating the early stages of resistance development [42, 43] .
Amaranthus palmeri seeds were collected from four fields in Illinois, i.e., glyphosate-resistant A. palmeri seeds from Cahokia (latitude 38.563276, longitude −90.131007) and Collinsville (latitude 38.688847, longitude −90.016194) and glyphosate-susceptible seeds from Rend Lake (latitude 38.131023, longitude -88.915100) and Massac (latitude 37.509131, longitude −88.593149). Seed from the Cahokia and Collinsville populations were collected during 2014 and 2015, respectively. Seed from the Rend Lake and Massac populations were collected during 2013 and 2010, respectively. After collection, all seeds were preserved by refrigeration at 2.2 • C.
Seeds were germinated on a flat and grown in greenhouse growing media containing 70%-80% Canadian sphagnum peat moss, perlite, vermiculite, dolomite lime pH adjuster, and a wetting agent (Professional Growing Mix, SunGro ® Horticulture Sunshine, Santa Rosa, CA, USA). After germination, the seedlings were allowed to reach the 1st and 3rd true leaf stage and then were transplanted into 10.2 cm pots (one seedling per pot). Pots were placed on two benches in the greenhouse at the SIUC Horticultural Research Center (HRC); and then three weeks after herbicide application, they were transferred to a greenhouse at the SIUC Tree Improvement Center (TIC) on three benches (experimental blocks), which act as replicates in the experiment. Plants were maintained in a 16 h photoperiod with 430 W sodium lighting providing 250 µmol m -2 s -1 of supplemental photosynthetically-active radiation. The air temperature was maintained near 32 (±5) • C during the course of the experiment in both greenhouses. The temperature of both greenhouses was recorded with a data logger. Once plants reached 10-12 cm in height with 8-12 true leaves, herbicide applications were made in a spray chamber using an XR 8002 nozzle applying 15 GPM at 30 psi with lactofen and fomesafen at 158 g ai ha -1 and 165 g ai ha -1 , respectively. The herbicide rate and application timing methodology was established in an unpublished pilot study in which rates were decreased and weed size was increased, compared to labeled rates for control, in order to achieve approximately 30% survival of treated plants. Typical application rates for lactofen and fomesafen are 219 and 420 g ai ha -1 ; the established dose in the pilot study represented 28 and 58% reductions, respectively. Additionally, application target sizes for A. palmeri are less than six leaves for both active ingredients and less than 7.6 cm in height for lactofen [44, 45] .
After the application of herbicides, plants were returned from the spray chamber to greenhouse benches. Plants were visually rated for herbicide injury at 7, 14, and 28 days after treatment (DAT). For each treatment, 10 plants were selected on the basis of herbicide injury. Severely injured plants were selected for monitoring and assessment of their sex determination and growth characteristics. The most severely injured plants (95%-99% injury) were selected based on injury ratings for additional measures. Three replications of 360 plants were monitored including untreated plants. Growth characteristics were assessed by monitoring leaf number and height of the plant at application, the height of the plant at 2, 4, and 6 weeks (14, 28, and 42 DAT) after herbicide application, and the date of 1st flowering. Additionally, the biomass of reproductive parts was measured. Upon flowering, when anthers and the stigma were prominently visible, plants were examined to determine sex. Once the sex of a plant was confirmed, the above-ground biomass was collected by cutting the plant from the soil surface and weighing the whole plant after oven drying at 48.9 C for three days. The reproductive parts were separated by collecting inflorescences and clipping all the flowers from the stem and weighing them after oven drying.
Statistical Analysis
A three-way repeated measures mixed-model ANOVA was performed to identify the effects of four different A. palmeri populations, sex, and herbicide treatment on height over time. Biomass of reproductive and vegetative parts and flowering date were analyzed with three-way ANOVA. Separate paired t-tests on the proportion of males-to-females in each replicate group of ten pots were performed testing deviation from a 1:1 sex ratio; all analyses were conducted in SAS 9.4 (SAS Institute, Cary, NC, USA). 
Results

Effect of Population Sources and Herbicide Treatments on Height
Three-way Repeated Mixed Model Analysis indicated that there were significant interactions between population sources and sex (F 3,955 = 5.49, p < 0.001) (Figure 1a ), between population sources and herbicide treatments (F 6,949 = 8.23, p < 0.0001) (Figure 1b) , herbicide treatments over time (F 4,871 = 25.11, p < 0.0001) (Figure 2 ), and population sources over time (F 6,871 = 5.01, p < 0.0001) (Figure 3 ) on A. palmeri plant height (Table 1) . Male and female plants from the Massac populations were significantly taller than plants grown from all other population sources. There was no difference in height between male and female plants from either the Massac or Cahokia population. Female plants from the Collinsville population were taller than the male plants from this population, whereas male plants from Rend Lake were taller than females from this population ( Figure 1 ). 
Effect of Population Sources and Herbicide Treatments on Vegetative Biomass
There was a significant effect of population sources and herbicide treatments on vegetative biomass at flowering stage (F6, 316 = 3.68, p < 0.0015) ( Table 2 ). The mean value for vegetative biomass showed that the untreated control plants from the Massac populations had greater vegetative biomass than the untreated controls of other populations. Rend Lake treated plants had the lowest vegetative biomass compared with treated plants from other populations. There was no significant 
Effect of Population Sources and Herbicide Treatments on Reproductive Biomass
There was a significant interaction between sex and population sources but not herbicide treatments on reproductive biomass at the flowering stage (F3, 224 = 2.74, p < 0.04) ( Table 2 ). The mean value for reproductive biomass showed that only male and female plants from the Collinsville population were significantly different from each other for reproductive biomass (females with higher reproductive biomass than males). However, there was no significant difference in reproductive biomass between males and females from Cahokia, Massac, and Rend Lake populations (Figure 3b ).
Effect of Population Sources and Herbicide Treatments on the Flowering Date
There was a significant interaction between sex and herbicide treatments, but not population sources on flowering dates (F2, 333 = 3.02, p < 0.05) ( Table 2 ). The mean value for the flowering date showed that flowering date was significantly different between male and female plants. All the untreated control populations produced earlier flower induction and were significantly different from all other populations. There were no significant differences within lactofen-and fomesafentreated male populations, as well as no significant differences within lactofen-and fomesafen-treated female populations for the flowering date (Figure 4 ). Untreated control plants from each of the four population sources were taller than the populations treated with both herbicides (Figure 1b ). There were no differences in height in response to lactofen or fomesafen herbicide in plants from the Collinsville, Massac, and Rend Lake populations. Cahokia plants treated with lactofen were shorter than plants from this population treated with fomesafen ( Figure 1b ). Plant height increased over time for all the population sources 2, 4, and 6 weeks after herbicide application. Plants from the Massac populations were the tallest plants throughout, and plants from Collinsville populations were the shortest by six weeks. The height of plants from Cahokia and Rend Lake populations were intermediate in height between the Massac and Collinsville plants by six weeks (Figure 2a) . Herbicide treatments led to significant differences in height through time. All the untreated control populations were taller than the populations treated with lactofen and fomesafen herbicides. The height of lactofen-and fomesafen-treated populations increased through time but did not differ from each other (Figure 2b ). 
Effect of Population Sources and Herbicide Treatments on Vegetative Biomass
There was a significant effect of population sources and herbicide treatments on vegetative biomass at flowering stage (F 6,316 = 3.68, p < 0.0015) ( Table 2 ). The mean value for vegetative biomass showed that the untreated control plants from the Massac populations had greater vegetative biomass than the untreated controls of other populations. Rend Lake treated plants had the lowest vegetative biomass compared with treated plants from other populations. There was no significant difference between Cahokia plants treated with lactofen and fomesafen in terms of vegetative biomass. Collinsville plants treated with fomesafen had greater vegetative biomass than plants treated with lactofen or untreated control plants (Figure 3a) . Female plants had a larger vegetative biomass than male plants regardless of population source or herbicide treatment (female plants mean biomass = 16.1 ± 0.6 g, male plants = 12.0 ± 0.6 g). 
Effect of Population Sources and Herbicide Treatments on Reproductive Biomass
There was a significant interaction between sex and population sources but not herbicide treatments on reproductive biomass at the flowering stage (F 3,224 = 2.74, p < 0.04) ( Table 2 ). The mean value for reproductive biomass showed that only male and female plants from the Collinsville population were significantly different from each other for reproductive biomass (females with higher reproductive biomass than males). However, there was no significant difference in reproductive biomass between males and females from Cahokia, Massac, and Rend Lake populations (Figure 3b ).
Effect of Population Sources and Herbicide Treatments on the Flowering Date
There was a significant interaction between sex and herbicide treatments, but not population sources on flowering dates (F 2,333 = 3.02, p < 0.05) ( Table 2 ). The mean value for the flowering date showed that flowering date was significantly different between male and female plants. All the untreated control populations produced earlier flower induction and were significantly different from all other populations. There were no significant differences within lactofen-and fomesafen-treated male populations, as well as no significant differences within lactofen-and fomesafen-treated female populations for the flowering date (Figure 4 ).
Effect of Population Sources and Herbicide Treatments on the Male-to-female Sex Ratios
Paired t-tests on the proportions of males to females (testing deviations from 1:1 sex ratio, i.e., 0.5 proportions for males and females) indicated that within the context of our greenhouse experiment, the herbicides altered the sex ratio of some populations compared with 1:1 expected untreated controls. Cahokia untreated controls, Cahokia populations treated with lactofen, all the treated and untreated Collinsville populations, Massac untreated controls, and Massac populations treated with fomesafen herbicide gave a significant departure from a 1:1 male-to-female sex ratio. Four out of seven treatments had male-biased sex ratios, i.e., Cahokia untreated control, Collinsville untreated control, Collinsville population treated with fomesafen, and Massac population treated with fomesafen. Populations from Collinsville were more strongly male-biased when treated with fomesafen compared with male-biased untreated control populations. Cahokia populations treated with fomesafen, Massac populations treated with lactofen, and all the treated Rend Lake populations regardless of treatment (herbicides or controls) were not significantly different from a 1:1 male-to-female sex ratio ( Figure 5 , Table 3 ). 
Paired t-tests on the proportions of males to females (testing deviations from 1:1 sex ratio, i.e., 0.5 proportions for males and females) indicated that within the context of our greenhouse experiment, the herbicides altered the sex ratio of some populations compared with 1:1 expected untreated controls. Cahokia untreated controls, Cahokia populations treated with lactofen, all the treated and untreated Collinsville populations, Massac untreated controls, and Massac populations treated with fomesafen herbicide gave a significant departure from a 1:1 male-to-female sex ratio. Four out of seven treatments had male-biased sex ratios, i.e., Cahokia untreated control, Collinsville untreated control, Collinsville population treated with fomesafen, and Massac population treated with fomesafen. Populations from Collinsville were more strongly male-biased when treated with fomesafen compared with male-biased untreated control populations. Cahokia populations treated with fomesafen, Massac populations treated with lactofen, and all the treated Rend Lake populations regardless of treatment (herbicides or controls) were not significantly different from a 1:1 male-tofemale sex ratio ( Figure 5 , Table 3 ). Table 3 . Results from paired t-tests, testing the deviation from a 1:1 sex ratio of four A. palmeri populations following the effects of two PPO-inhibiting herbicide treatments (lactofen and fomesafen). Values (p ≤ 0.05) highlighted in bold give no departure from 1:1 male-to-female sex ratio. . The male-to-female sex ratio of Amaranthus palmeri plants from four population sources (Cahokia, Collinsville, Massac, and Rend Lake) by treatment following application of PPO-inhibiting herbicides (lactofen and fomesafen). Asterisk (*) represents significant deviation from 1:1 male-tofemale sex ratio.
Discussion
In this study, height, vegetative, and reproductive biomass, flowering date, and male-to-female sex ratios of four A. palmeri populations in response to two PPO-inhibiting herbicides lactofen and fomesafen were examined. The invasive potential of A. palmeri populations was assessed based on The male-to-female sex ratio of Amaranthus palmeri plants from four population sources (Cahokia, Collinsville, Massac, and Rend Lake) by treatment following application of PPO-inhibiting herbicides (lactofen and fomesafen). Asterisk (*) represents significant deviation from 1:1 male-to-female sex ratio. 
In this study, height, vegetative, and reproductive biomass, flowering date, and male-to-female sex ratios of four A. palmeri populations in response to two PPO-inhibiting herbicides lactofen and fomesafen were examined. The invasive potential of A. palmeri populations was assessed based on these parameters, considering height, biomass, and flowering date of A. palmeri as measures of this species competitive effect on agricultural crops. Male-to-female sex ratio appears to be a key factor to emphasize in the management of this invasive species in agricultural fields. The differences in growth in response to herbicides among the four populations is consistent with the known occurrence of A. palmeri ecotypes [46] which may be in response to glyphosate resistance or cropping systems [47] .
Specifically, the four A. palmeri populations exhibited gender-related variations in height in response to the PPO-inhibiting herbicides fomesafen and lactofen. In the case of short-lived dioecious species, such as annual weeds, females are often taller than males, although this variation may depend on life history stage [48] . In the present study, one population was consistently taller than the other three. Plants from the Massac population were consistently larger when treated with herbicides and might exhibit size-asymmetric competition for resource uptake and resource utilization [49] . Plant height is considered to be an important factor in considering competition with neighboring species, including crops, as taller plants can capture more resources than shorter plants [50] . Crops growing under the shade of neighboring plants will receive reduced light intensity and altered light quality that can inhibit growth and development indicating approaching competition during canopy development [51] . On the other hand, tall male plants are beneficial for wind-pollinated species to maximize propagule dispersion by the wind [52] . Hence, plants from the Rend Lake population, where males were taller than females, and plants from the Massac population, which were taller regardless of gender, may have a greater impact on long-distance pollen dispersal and a greater contribution to cross-pollination among populations than plants from the shorter growing populations.
Biomass is an indicator of competitiveness [53] . Untreated control plants from the Massac populations had greater vegetative biomass than other populations. Therefore, plants from the Massac populations may have greater competitive ability than other populations. On the other hand, Collinsville plants treated with fomesafen had greater vegetative biomass than untreated control plants and plants treated with lactofen. The differential response of plants from this population to the two herbicides may be because they needed to accumulate sufficient biomass to support reproduction following herbicide application.
In the case of dioecious species, size dimorphism is a natural phenomenon that is due to the sexually different allocation patterns for both sexes. Comparatively, vegetative growth may be similar for both male and female plants prior to flowering stage [54] , when the reproductive stages begin, females may grow larger than males and live longer. This difference in size and longevity between males and females provides evidence for sexual dimorphism [55] . Only males and females from the Collinsville population differed in reproductive biomass with females producing more reproductive biomass than the males. Females may be investing more resources in the production of larger leaves for photosynthesis, and supplying more carbon to fruits for better and higher seed set. Environmental heterogeneity could also affect sexual differences and reproductive allocation [56] .
There are sex-specific differences in growth and reproduction, which are consistent with life history traits that affect the longevity of male and female populations. In dioecious species, there is a senescence strategy for males, which tend to exhibit narrower phenological windows compared to females [48] . In this study we observed that all the untreated control male plants, as well as lactofen, and fomesafen-treated male plants produced flowers (and, thus, could be sexed) earlier than the females produced flowers. Male plants invested more resources for root growth which may be due to the high early investment of nitrogen rich pollen, leading to decreased photosynthetic rates. These processes restrict the above-ground vegetative growth for males, although it is challenging to determine the proper resource currencies to evaluate reproductive expenditure in dioecious species [57] . Male-biased sex ratios could be associated with the higher reproductive allocation of females as well as a consequence of earlier and more frequent onset and flowering of males. Variation in environmental factors can also influence the flowering patterns of males and females in dioecious species [58] . Amaranthus palmeri is a C 4 species and light is a limiting factor for growth and reproduction of this species [59] . This study was conducted under greenhouse conditions with controlled temperature and photoperiod, which could account for early male flowering, as flowering intensity depends on the day length [60] .
Dioecious plant populations commonly exhibit deviations from the expected 1:1 primary sex ratio after parental investment [61] [62] [63] . As A. palmeri is developing resistance mechanisms to herbicides, effective tools to manage this invasive species in agricultural fields need to be developed. Manipulation of sex ratios via herbicides could be an effective way to manage A. palmeri if relative densities of seed-producing female plants can be reduced. Therefore, sex-ratio-specific management practices implemented by the growers have the potential to become an integrated tactic in managing herbicide-resistant A. palmeri populations. Both herbicides applied in the present study resulted in different effects on these A. palmeri populations. Lactofen and fomesafen are both PPO-inhibiting herbicides but the induced sex ratio expression was not same for both herbicides on all the populations. Populations treated with lactofen were female-biased or 1:1, and populations treated with fomesafen were male-biased or 1:1. The differential effect of fomesafen may be due to the presence of the adjuvant system in the Flexstar ® herbicide, which increases herbicide absorption and translocation. A priority for early season control of A. palmeri could also be beneficial as late emerging populations have been observed to be more male-biased than early season populations [64] . Populations with a female-biased sex ratio may need more effective management practices than populations having more male-biased sex ratios where fewer seeds will be produced.
The greenhouse-controlled conditions of this experiment produced male-biased populations. As PPO-inhibiting herbicides have the ability to destroy the enzymatic pathway by damaging cell constituents it is possible that differences in sex expression could be related to imbalances of hormonal systems. Previous studies have shown that the sex expression of some dioecious species (Mercurialis spp., Vitis spp., Spinacia spp., Cannabis spp.) was related to hormonal pathway systems [65] [66] [67] [68] . Cytokinin, a growth hormone, produces more females in normal growth conditions and produces more males in stressful conditions. Male sterility of Mercurialis annua L. is controlled by sterile S cytoplasm when S cytoplasm interacts with nuclear genes I, R1, and R2. The feminizing hormone cytokinin alters the sex of the male sterile mutant to female [69] . It is possible that for A. palmeri following stressful conditions placed upon the plants by the herbicides, plants could not produce enough cytokinins, and produced more male-biased populations. On the other hand, environmental factors, such as photoperiod, day length, soil moisture, and soil fertility, are also responsible for affecting and shifting the sex ratio of a variety of species [4, 70, 71] . Further study is needed to investigate whether any of these or other factors determine sex ratio expression in A. palmeri. There is an urgent need to reduce seed immigration of A. palmeri across its range [72] . This research suggests that sex ratios in A. palmeri populations may deviate from 1:1 in response to stressors, such as herbicide application. In the future, it may be possible to manage A. palmeri populations by shifting the sex ratio towards male dominance and hence reduce seed production. Funding: This research received no external funding.
